Abstract. This article reports on the investigation into the relationship between the number of rules for a triangular membership functions and quality of control of induction motor. To achieve this aim, a fuzzy logic controller was designed using the Fuzzy logic toolbox in MATLAB SIMULINK with 3, 5 and 7 rule based triangular membership functions respectively. A 50 HP, 460 V, 3-phase induction motor was used as the plant for the speed control. The FLC was incorporated into the SIMULINK model of MATLAB toolbox and simulation was carried out, response curves at the rated speed of 120 and 140 rad / sec at no-load were observed together with the stator currents curves respectively. The quality of the controller is defined by the performance indicators in the form of peak overshoot and settling time of the Fuzzy logic controller.
Introduction
The numerous advantages exhibited by Alternating Current (AC) motors especially the Squirrel Cage Induction Motor (SCIM) have made them suitable candidates for industrial applications. Amongst these advantages are high reliability, cheaper in terms of cost and easyfree maintenance electrical drives. However, the main drawback of using AC induction motor is the difficulty in control which is due to the non-linear behaviour of the motor. This characteristic also makes the mathematical modelling of the motor rather difficult. Due to a number of modern manufacturing processes that require variable speed several conventional control methods are used to offer speed control. Different control techniques have been used to control AC induction motors like the direct torque control [1] [2] [3] [4] , Indirect field oriented control [5, 6] , etc. However, the main limitation of the conventional electric motor control is the complexity of the mathematical model due to the non-linearities associated with the voltage and current equations. As an alternative the use of fuzzy logic control, which is a member of the soft computing techniques, has been used by [7] Afonso et al. to control the speed of a three phase induction motor. Fuzzy logic technique has also been used to design self-tuning PI control [9] and vector control of induction motor [8] .
The idea of Fuzzy logic control was initiated by Zadeh in 1965 [9] . Since then it has been embedded into so many applications due to the its application in non-linear systems that have complex mathematical models. The beauty of using fuzzy logic control is that effective control is possible even in the absence of a mathematical model. The knowledge of a human operator is captured in form of a rule base by means of which the control variable is determined. This interesting property and that the control could be done even in the absence of a mathematical model of the plant called into the investigation into the quality of control that can be realized from fuzzy logic. However, this does not seem to have been sufficiently investigated by researchers. El-Arabawy et al. [10] studied the effect of the number of membership functions (MF) on the stability of fuzzy logic control of induction motor. The simulation results showed that the number of membership functions has no effect on the stability boundary of the fuzzy logic control system. Purwanto et al. [8] also investigated the application of Fuzzy Logic Controller (FLC) on 3-phase induction motor speed control by changing the parameters of a triangular membership function. Their results show that symmetrical triangular membership functions give better control quality in terms of settling-time, overshoot and steady-state error. In the work of Aras et al. [11] a comparison on the number of rules for the FLC was made between a 3 × 3 and a 5 × 5 rule matrix for Direct Current (DC) control speed motor. Results obtained showed that the 5×5 rulematrix FLC produce better and more accurate results. The last three cited references were all based on trian-gular membership functions. Gayathri Monicka et al. [12] reported about the effects of various types of membership functions (triangular, trapezoidal, Gaussian, Bell-shape) in the control of an induction motor using fuzzy logic and concluded that triangular membership function produces controllers that reduce steady state error more than the other three shapes.
For the design of an effective controller, It is very important for the designer to have knowledge on the optimal stability of the plant's controller so that engineers in the field of control and robotics will know the factors that influence the performance of their FLC. It therefore becomes very imperative to investigate the relationship that exists if any between the number of fuzzy rules and the effectiveness and/quality of the controller. Based on the reviewed literature, it was observed that not much have been done on the induction motor but only on DC motor as reported by [13] which is closely related to our work in which they investigated the effects of the number of rule matrix in DC motor.
In this work, it is proposed to design an FLC using 3×3, 5×5 and 7×7 rule based triangular membership function to control an induction motor so as to investigate the effects the number of rules has on the quality of the fuzzy logic controller. Also it attempts to extend this rule-base from 5×5 to 7×7 matrix so as to compare which gives the best output in terms of the performance indicators.
Methodology
The design of the fuzzy controller consists of three steps:
Thus each of the inputs will be fuzzified individually and the set of fuzzified inputs is used for the fuzzy processing. In the fuzzy processing or fuzzy inference engine a set of rules are set which are used to map a given inputs into a given outputs. The set of fuzzy outputs is then converted into a crisp output in the defuzzification process. This is shown in Fig. 1 . The FLC in this work is designed using different number of triangular membership functions with 3 × 3, 5 × 5 and 7 × 7 rule matrices respectively to control the speed of a 50 HP, 460 V, 4-pole, 60 Hz and 3-phase induction motor. This is the induction motor model that comes with Simulink 7.0.4 in MATLAB. The induction motor model was ran at no-load at a rated speeds of 120 and 140 rad / sec with different fuzzy logic controllers designed for the 3, 5 
Membership Function Design
A membership function curve describes the degree of belonging to a fuzzy set. Each of the input point in the universe of discourse is assigned a membership value between 0 and 1. These values are called the degree of membership µ. The triangular membership function was selected for the inputs and the output variables as represented in Fig. 2 . The crisp inputs to the FLC are error and change in error while our crisp output is the torque. For the case of the 7 × 7 rule-based-membership functions, the universe of discourse is divided into 7 fuzzy sets so as to represent the 7 MF FLC. The seven linguistic variables used are Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM) and Positive Big (PB). A 7 × 7 rulematrix was constructed to form 49 cells as represented in Table 1 .
Similarly, the 3 and 5 MF designs were also carried out in a similar fashion. For the 3 rules we have a 3×3 matrix yielding 9 cells while for the case of 5 rules we have a 5×5 matrix yielding a total number of 25 cells respectively.
Fuzzy Rules Formulation
The rules of the fuzzy controller were formed using the IF-THEN rules. The error and change in error were chosen as inputs while the output is the control torque. The rules were formulated with the help of Table 1. For the case of the 7 MFs we have a total of 49 rules and for the 5 MF we have a total of 25 rules and similarly for the case of the 3 MF we have a total of 9 rules.
Defuzzification
Different techniques are used for the defuzzification. In this work the centre of height technique was used for the computation of the crisp value of the output. This technique requires the evaluation of the centroid of the membership function for each output. Then, the output IJAEPR 1(1): [14] [15] [16] [17] 2013 is later computed as the average of each centroids which are weighted according to their heights. Equation (1) has been adopted from Saade and Diab [14] .
where n is the number of discrete values x i on the universe of discourse. µ is the membership grade of the element x i in the universe of discourse.
Results
After the fuzzy logic controllers were designed, the IM model in the SIMULINK of MATLAB was used to carry out the simulation. The model was used in MATLAB to demonstrate PI control of an IM. For the purpose of this investigation the PI controller in the model was replaced with the designed FLCs and the motor was run at without load and at rated speed of 120 rad / sec . The simulation was run for a period of 3 seconds. The simulation results obtained are shown in Fig. 3, Fig. 4 and Fig. 5 . Each graph has the speed (Fig. 3) , torque (Fig. 4) , and stator currents (Fig. 5) on the y-axis while time (in seconds) is on the x-axis. The response results were obtained for each type of FLC with all conditions constant. The same IM was run again under no-load condition but with the speed changed to 140 rad / sec and the PI controller was replaced with the 3, 5 and 7 MFs respectively. rad / sec respectively. For a better understanding of the behavior of our FLC. Fig. 3 , Fig. 4 and Fig. 5 were used to construct Table 2 based on the responses of the different membership functions and the measure of stability of the controller. Fig. 4 shows a plot of the stator torque versus time for different membership functions and when the induction motor was run at no-load and Fig. 5 shows a plot of stator currents versus time. The performance of the FLC is determined by the performance indicators in terms of the settling time and peak overshoot. From Fig. 3 it could be observed that the 7 MF has the fastest settling time and attained the speed of 120 rad / sec and also in the case of 140 rad / sec the 7 MF FLC showed a closer valve to the rated speed. Fig. 4 shows the graph of torque versus time for different MFs and at no-load. For each MF the response of the torque started at a higher valve between 200 and 300 N.m and then attained a steady state valve after a certain time based on the type of membership function. The stability measure which is described by the torque settling time is also summarized in Table 2 . Fig. 5 shows a plot of the stator currents versus time for the different membership functions at the rated speeds of 120 and 140 rad / sec . The 3-phase stator currents started from a peak to peak valve of −200 to 200 A and finally attained a steady state valve of a peak to peak valve of −60 to 60 A. The measure of stability is also described by the performance indicator of the current settling time. Table 2 summarizes the performance of the FLCs for 3, 5 and 7 MFs at speeds of 120 and 140 rad / sec respectively. The performance indicators of speed overshoot and settling time of the speed, the torque and the current were shown in percentage and time respectively. With respect to Table 2 , it could be seen that the speed overshoot is higher in the case of the 3 and 5 MFs than in the case of 7 MF which has no overshoot. Similarly it could be seen clearly that the settling time is highest for the case of the 3 MF followed by 5 MF but lowest in the case of 7 MF. 
Conclusion
As mentioned earlier, the aim of this work was to find out the relationship that exists if any between the number of membership functions and the stability of the controller which is a measure of the peak overshoot and the settling time which is how fast it takes for the controller to reach steady-state. This helps engineers in field of robotics and control to have insight on the key factors that are necessary for designing a stable system. From the results presented and the discussions it could be deduced that there exists a relationship between the number of membership functions and the stability of the controller. This has been validated from the simulation results obtained when a 50 HP 3-phase induction motor was run at no-load and a speed of 120 and 140 rad / sec respectively. It can therefore be concluded that the higher the number of membership function the more stable the controller. The results for the 7 × 7 rule-matrix showed a 0% overshoot and a faster time to attain steady state. Our results showed significant improvement as compared with works of El-Arabawy et al. [10] and Kimiaghalam et al. [13] because by investigating into effects of the number of rule-based and the effectiveness of the FLC, it was observed that the 7 × 7 rule-matrix gave out the best FLC as assessed from the performance indicators. Conclusively, it could be deduced that the higher the number of rules the more effective the controller as justified by the performance indicators.
